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Abstract 
 
In order to develop high temperature superconducting (HTS) DC cable, it is important to understand the cooling system, high 
voltage insulation and materials at cryogenic temperature. Especially, the basic properties of insulating materials must be solved for 
the long life, reliability and compact of system.  
In this paper, we will discuss mainly on the electrical and the mechanical properties of polypropylene laminated paper (PPLP) in 
liquid nitrogen (LN2). The polarity effect of DC and impulse voltage, the volume resistivity and the space charge distribution and 
frost were studied. Furthermore, the mechanical properties such as tensile strength of PPLP at LN2 (77 K) and room temperature  
(300 K)  were studied.  
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1. Introduction 
  
Recently, many countries have actively promoted R&D activities for the development of HTS AC cable [1-2]. 
Also, the development of HTS DC cables has been promoted to pay attention to the high-efficiency power 
transmission, submarine cable. To develop a HTS DC cable system, cryogenic insulation and the material technology 
must be developed for a long life, high stability and compact of cable. PPLP has been widely used as an insulating 
material for HTS AC cables. However, PPLP has been poor in terms of DC breakdown properties. Therefore, it has 
been very difficult to develop DC cables.  
Unlike the conventional AC cables, the space charge accumulates in the insulating material under DC voltage. It 
distorts the electric field distribution in the insulating material and causes breakdown under low DC voltage [3]. Also, 
high volume resistivity is required in HTS DC cable. Therefore, it is very important to study on the dielectric 
properties of insulation materials under DC voltage. On the other hands, the HTS cable is supported mechanically. 
Therefore, it is important to investigate the mechanical properties of PPLP at cryogenic temperature.  
We have been studied on the development of HTS AC machines and electrical insulation design as a part of the 
government-led 21st century frontier project [4-5]. However, it has been almost impossible to study the HTS DC 
machines. To secure the operating stability, it is necessary to accumulate a lot of basic data on the DC properties.  
 In this paper, we will discuss mainly on the electrical and mechanical properties of PPLP. DC and impulse voltage 
was applied using the semi-sphere rod to cylindrical electrode. Also, the mechanical properties of PPLP at 77K and 
300K were performed. The properties of tensile load, tensile strength, yield stress, and elastic modulus are studied.   
 
2. Experimental setup and method 
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Fig. 1. shows an electrode system for breakdown. To simulate the HTS cable, stainless-steel cylindrical electrode 
(diameter: 75 mm) and semi-sphere rod electrode (diameter: 25 mm) were used. The 119 m-thick PPLP sheet has 
been used as a sample. The sample was cleaned up with ethylene alcohol and dried in a dryer to remove moisture. 
Then, it was fixed to the sample holder. DC and impulse voltage were applied to the electrodes under atmospheric
pressure. Breakdown voltages of 10-15 samples were measured at multi-layer insulation thickness. Regarding as the 
effect of space charge on breakdown voltage, DC voltage was applied using a step-based breakdown test which keeps
the time of applied voltage to 5 minutes. The space charge distribution under the DC voltage has been measured using 
the same experimental apparatus [6]. It was measured by the pulse electro-acoustic (PEA) method at room temperature. 
For the upper and lower electrodes, a semi-conducting carbon paper with 45 mm and 30 mm in diameter was used, 
respectively. The measurement of volume resistivity was estimated by changing the voltage of 0.5 to 10 kV using the
DC high-voltage insulation tester (MEG 10-1).
The mechanical characteristics were performed by the universal material testing machine at 77 K and 300 K. PPLP
is carefully cut into 10 mm x 110 mm dimension for its width and length. And a 60 mm gage length and a 25 mm grip
for both ends are used. Averaged sample thickness was measured using a flat-tipped digital micrometer.
Fig. 1. Electrode system.
3. Results and discussion
Fig. 2 shows the temperature dependence of volume resistivity of the PPLP. Temperature was measured at liquid
nitrogen (77 K), liquid argon (87 K) and silicon oil (300 K). As shown in this figure, the volume resistivity of PPLP
sheet is about 1016 in LN2. Therefore, the space charge in PPLP seems to be not strongly influenced because of 
its high volume resistivity. As the temperature is increased, the volume resistivity is also decreased. At room 
temperature, it is about 1014 cm. 
Fig. 3 shows the space charge dependence of applied DC voltage. The charging voltage ranges from 2 to 12 kV,
charging time of applied voltage is 5 minutes. As shown in this figure, the space charge density gradually increased as
the applied voltage increased. Also, the hetero charge was observed around both electrodes instead of the inside of the 
PPLP sample, which means that the electron and hole injected from the cathode and anode, respectively were partially 
captured in the trap. We speculate that the space charge density will decrease at cryogenic temperature, compared to
room temperature.
Fig. 2. Temperature dependence of volume resistivity. Fig. 3. Space charge dependence of applied DC voltage.
Figs. 4 (a) and 4 (b) show the polarity effect of the DC and impulse breakdown voltage in LN2. In any case,
negative polarity was slightly higher than the positive polarity, breakdown voltage tends to increase as the number of 
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multi-layers increases. However, the impulse breakdown voltage is slightly lower than the DC breakdown voltage. 
This kind of trend has been reported by Tsuyuki [6] despite difference of voltage.  
 
                      
(a) DC                                    (b) Impulse 
 
Fig. 4. Polarity effect of DC and impulse breakdown voltage. 
 
The frost occurred on PPLP surface when the voltage is applied for long-term. Figs. 5 (a) and 5 (b) show the DC 
and AC characteristics of frost. The radius of frost increases suddenly under DC (+) voltage. The radius of frost is 
higher in the order DC(+), DC(-) and AC voltage. Also, it increases with increasing the time of applied voltage. Fig. 5 
(b) shows the photograph of PPLP surface after long-term applied DC(-) voltage. The DC(-) voltage is applied 15kV 
and the time of applied voltage is 30 minutes. It becomes more severe when it is exposed to the air. When the voltage 
is low, the shape of the frost is nearly circle. However, it becomes nearly an ellipse with increasing the voltage. 
 
   
(a) DC and AC characteristics of frost                   (b) Photograph of PPLP surface 
 
Fig. 5. Dependence of applied DC and AC voltage on the radius of frost. 
 
At this experimental stage, we cannot make firm conclusions on the mechanism of this. The purity such as the 
moisture and corona charge seem to play important roles in the frost. However, we plan to study this topic in the near 
future. 
Figs. 6 (a) and 6 (b) show the stress-strain and load-displacement property of PPLP at 77 K and 300 K, 
respectively. At cryogenic temperature of 77 K, the mechanical properties of PPLP such as the elastic modulus, yield 
and fracture strength increased as compared with those at 300K. However, the displacement(% elongation) had 
showed significant reduction at 77 K as compared with 300K. Also, the mechanical properties showed some 
difference according to the cross direction (CD) and machine direction (MD)  at 77 K. The mechanical properties of 
PPLP at MD showed much stronger strength and elastic modulus than that at CD which was dependence upon the 
fiber orientation of Kraft paper included. Also, the mechanical properties showed some difference according to the CD 
and MD direction at 77 K.  
Table 1 shows the summary of the mechanical properties of PPLP at 77 K and 300 K. At 77 K and MD, the tensile 
 (N), 0.69 (mm), 109 (MPa), 
1.15 (%), 114.7 (MPa) and 108 (MPa), respectively. Consequently, it has been confirmed that PPLP may be used as an 
insulating material for HTS DC cables. 
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(a)          stress-strain         (b) load-displacement 
 
Fig. 6. Stress-strain and  load-displacement characteristics of PPLP at 77K and 300K. 
 
Table 1. The summary of the mechanical characteristics of PPLP at 77 K and 300 K. 
 
Temperature Method 
Yield 
strength 
(MPa) 
Tensile 
load 
(N) 
Displacement 
(m) 
Stress at 
break 
(MPa) 
 
(%) Modulus (MPa) 
77 K 
MD 108 127 0.69 109 1.15 114.73 
CD 49 70 0.76 61 1.27 70.72 
300 K MD 27.4 60 1.4 51 2.3 48 
CD 11.4 28 6.7 24 11 21 
 
4. Conclusions 
 
We have studied mainly on the electrical and mechanical properties of PPLP for HTS DC cable.  The following 
results have been obtained: 
(1) The volume resistivity of PPLP sheet is about 1016 ·cm) in LN2. As the temperature is increased, the volume  
resistivity is decreased. 
(2) The negative polarity is slightly higher than the positive polarity in DC and impulse breakdown voltage. 
However, the impulse breakdown voltage is slightly lower than the DC breakdown voltage.  
(3)  The size and shape of the frost increases according to the applied voltage, time of applied voltage and polarity 
of voltage. The purity such as the moisture and corona charge play important roles in the frost. 
(4) At 77 K, the mechanical properties of PPLP such as the elastic modulus, yield and fracture strength increased 
as compared with those at 300K. However, the displacement (% elongation) had showed significant reduction 
at 77 K as compared with 300K. Also, the mechanical properties of PPLP at MD showed much stronger 
strength and elastic modulus than that at CD. 
(5) PPLP is excellent material not only electrical breakdown characteristics but also mechanical characteristics.  
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